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The photoionization of free Xe clusters is investigated by angle-resolved time-of-flight photoelectron spec-
troscopy. The measurements probe the evolution of the photoelectron angular distribution parameter as a
function of photon energy and cluster size. While the overall photon-energy-dependent behavior of the pho-
toelectrons from the clusters is very similar to that of the free atoms, distinct differences in the angular
distribution point at cluster-size-dependent effects. Multiple scattering calculations trace their origin to elastic
photoelectron scattering.
DOI: 10.1103/PhysRevA.75.031201 PACS numbers: 36.40.Mr, 61.46.Bc, 73.22.f
Several decades after its beginnings, cluster research con-
tinues to be an exciting area of science as most cluster prop-
erties remain much less known than those of their constituent
atoms and molecules. Moreover, the scalability of clusters
allows interpolation between the individual atom, the sur-
face, and the bulk, bridging the gap between single atoms or
molecules and condensed matter systems. This makes clus-
ters unique targets to advance both the fundamental under-
standing of the many-body problem as well as nanotechno-
logical applications 1–3.
Of particular interest are phenomena exhibiting cluster-
size dependence that underline the transition from individual
atoms and molecules to large cluster systems with typical
solid-state behavior, such as changes in cluster geometry and
electronic structure. As each atom in the cluster is sur-
rounded by an increasing number of neighbors, its electronic
structure is altered by the resulting changes in the cluster
potential and the atomic orbitals evolve into the band struc-
ture of the solid state. Cluster-size-dependent electronic
properties can be probed directly using angle-resolved pho-
toelectron spectroscopy, a well established technique for the
study of the electronic structure of atoms, molecules, as well
as condensed matter 4,5. However, while photoelectron
spectroscopy of clusters, and in particular rare-gas clusters,
has been a growing field since the late 1980s 6–16, there is
a paucity of angle-resolved measurements, mainly due to low
target densities in the cluster beam and the resulting low
signal intensities in angle-resolved measurements. To date,
measurements of the photoelectron angular distribution pa-
rameter are only available for small metal clusters e.g.,
17. For rare-gas clusters, recent qualitative studies by Öhr-
wall et al. 10 have shown substantial differences in the
angular dependence of the photoelectron intensity from Xe
clusters compared to free Xe atoms, but their experiment did
not provide absolute measurements of the angular distribu-
tion parameter.
In this paper, we present the first quantitative measure-
ment of the photoelectron angular distribution parameter 
18 as a function of photon energy and cluster size for any
rare-gas cluster system. Our experimental results are sup-
ported by multiple scattering calculations, which elucidate
the effect of elastic electron scattering on the photoelectron
angular distribution.
The measurements were carried out with linearly polar-
ized synchrotron radiation from the undulator beamlines
8.0.1, 9.0.2, and 10.0.1 of the Advanced Light Source ALS.
A beam of rare-gas van der Waals clusters was produced by
an adiabatic expansion cluster source and crossed with a
beam of tunable synchrotron radiation bandwidth
100–150 meV. For the present experiment, xenon gas
with a stagnation pressure, P0=60–200 kPa, was expanded
through a 100 m nozzle cooled to 170–240 K in order to
produce clusters with average sizes N between 60 and 8000
atoms 19. For the smaller clusters, up to N=1000, a
simple pinhole orifice was used, while the larger clusters
were produced with a conical nozzle with half opening angle
of 7°. The pinhole aperture has the advantage that the scaling
laws used to determine the average cluster size are generally
more accurate, but the maximum cluster size is limited by
the high stagnation pressure required and the resulting load
on the turbo pumps. A conical nozzle with small opening
angle allows the production of much larger clusters, whose
sizes, however, are known less accurately 12.
Photoelectrons were detected simultaneously in two-
electron time-of-flight TOF analyzers situated in the plane
perpendicular to the light propagation direction at the “magic
angle” 54.7°  and at 0° with respect to the light polarization
20. Simultaneous measurement at both angles is crucial for
a quantitative determination of the photoelectron angular dis-
tribution parameter as it is independent of temperature and
density fluctuations of the cluster beam. In order to achieve
sufficient spectral resolution, suitable retarding voltages were
applied to the drift tube of the TOF spectrometers. The pho-
ton energy was increased in small increments of
100–500 meV and each spectrum was recorded for 100 sec-
onds, resulting in a set of two-dimensional 2D photoelec-
tron maps 21 as shown in Fig. 1. These maps are ideally
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suited for dealing with crowded spectra such as for Xe 4d
photoionization, where Auger lines often overlap with the
photolines.
The top panels of Fig. 1 show photoelectron spectra of the
Xe 5p outer-valence shell measured at two different angles
with respect to the light polarization direction. In addition to
the two broad peaks, which correspond to the two spin-orbit
components of the cluster photolines, the recorded spectra
show a signal from free atoms narrow peaks also present in
the gas beam. These atomic lines allow a direct comparison
between the photoelectron angular distribution for the cluster
and free atom. They also provide an accurate means to cali-
brate the photoelectron kinetic energy and the relative effi-
ciencies of the TOF analyzers using the well-known values
for the atomic 5p and 4d ionization thresholds 22,23, as
well as the atomic angular distribution parameters 24.
Compared to the much narrower 4d cluster peaks with
distinct surface and bulk components see inset in Fig. 1, the
5p cluster peaks are broad and structureless. This difference
has been attributed to a stronger delocalization of the 5p
valence orbitals in contrast to the strongly localized 4d core
orbitals 13. In this context, it is also worth noting the dif-
ferent widths of the 5p1/2 and 5p3/2 cluster lines, which are
likely a result of the splitting of the 5p3/2 into two bands due
to crystal fields see, e.g., 25 and/or to direct bonding in-
teractions between cluster atoms similar to the effect ob-
served in thin Xe films 26.
Figure 2 compares the angular distribution parameters 
of the Xe 5p and 4d photoelectrons from small clusters
N=70–270, as a function of photon energy, to those of
the free atoms. We find pronounced differences between the
Xe 5p cluster and atomic photoelectrons in the first 50 eV
above the 5p threshold, with the angular distributions of the
5p cluster photoelectrons being much more isotropic than the
corresponding distributions of atomic 5p photoelectrons. For
higher photon energies, the angular distributions of 5p clus-
ter photoelectrons follow more closely those of free atoms,
although the statistical error increases as the partial photo-
ionization cross section and hence count rate rapidly de-
creases. In contrast to the large deviations observed for the
5p electrons, the angular distributions for the Xe 4d cluster
and atomic photoelectrons are almost identical for these clus-
ter sizes, except for very low kinetic energies, where the
cluster photoelectrons are again more isotropic. A separate
analysis of the angular distributions of surface and bulk com-
ponents for this cluster size by means of a least-square fit
10 yields no difference within the experimental error, hence
only the angular distributions of the total cluster peak inten-
sity are shown in Fig. 2.
The cluster size dependence of the angular distribution
parameter for Xe 4d surface and bulk photoelectrons, mea-
sured at a photon energy h=150 eV, where the angular an-
isotropy is highest, is presented in Fig. 3. A significant de-
crease of the angular distribution parameter of the bulk
component is observed for average cluster sizes larger than
N=1000, while the angular distribution of the surface com-
ponent is only slightly smaller than the atomic value and
stays constant within the range of the experimental error.













































































FIG. 1. Color online 2D photoelectron map for 5p ionization
of Xe clusters with average cluster size N=70 measured with the
“magic angle” analyzer 54.7°. Individual spectra illustrating the
spin-orbit split photolines of the monomer as well as the cluster
measured with h=35.5 eV at 0° and 54.7° are shown above the 2D
map. For comparison, the inset shows a Xe 4d spectrum average
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FIG. 2. Color online Photo-
electron angular distribution pa-
rameter  of the spin-orbit com-
ponents of the Xe 5p and 4d
photolines in free clusters circles
compared to single atoms solid
curves. Atomic values were taken
from the literature 24 and were
used to calibrate the relative spec-
trometer efficiencies.
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ings by Öhrwall et al., who reported a more isotropic angular
distribution of photoelectrons from clusters with average
sizes N=1000–4000 compared to photoelectrons from free
atoms, and also noted significant differences in the behavior
of surface and bulk components 10. This effect was attrib-
uted to elastic scattering of the photoelectrons by neighbor-
ing atoms in the cluster, leading to more isotropic angular
distributions for electrons from the interior of the cluster than
for those from the surface or a free atom.
In order to investigate the role of electron scattering in
more detail, we have performed multiple scattering MS
model calculations 27 and compare them to the experimen-
tal data in Fig. 4. The calculations start from atomic transi-
tion matrix elements, which reproduce the experimental an-
gular distribution of atomic 5p and 4d photoelectrons as
shown in Fig. 4. The cluster potential is treated in a muffin-
tin approximation, and the results are averaged for random
orientations of the cluster with respect to the incident light.
In order to reduce the computation time, the calculations
were performed for small clusters of 55 atoms in icosahedral
geometry, and 53 atoms in a fcc structure not shown here.
To model the surface component, electron emission from the
outermost layer was considered, while only electrons emitted
from the innermost 10 atoms were taken for the bulk com-
ponent. Our model calculations clearly reproduce the experi-
mentally observed trends and confirm that the increased
isotropy of the cluster photoelectrons can be attributed to
elastic scattering of the ejected electrons by the neighboring
atoms in the cluster. For the 4d, they seem to slightly over-
emphasize the effect of electron scattering and show devia-
tions from the atomic distribution already for small clusters,
where the experimental results are still close to the atomic
value. A possible explanation may lie in an inadequate defi-
nition of bulk emitters in the calculation, where some inter-
mediate atoms closer to the surface, whose electrons experi-
ence much less scattering, are left out. When extrapolating
the calculated results to larger clusters, the finite escape
depth of the photoelectrons also has to be taken into account.
It effectively limits the influence of elastic scattering in
larger clusters, since electrons emitted from the deepest at-
oms can no longer escape from the cluster 12,28.
While the comparison of experimental data and model
calculations clearly demonstrates the influence of elastic
electron scattering on the photoelectron angular distribution,
another intriguing effect, namely a possible connection to the
geometric structure of the cluster, remains obscure. It is
known that for several atomic and molecular clusters, a
change from a noncrystalline poly-icosahedral structure to
a crystalline fcc-lattice geometry occurs when the cluster
reaches a critical size of several hundred to thousand atoms
28,29. However, in the energy range considered here, the
calculated difference in the angular distribution parameter
for small clusters with icosahedral structure and fcc lattice is
smaller than our experimental error. Additional studies are
under way to explore this question further.
In conclusion, the examples of the 4d and 5p photoion-
ization of Xe clusters presented in this work demonstrate that
angle-resolved photoelectron spectroscopy is a sensitive
probe of the electronic structure of van der Waals clusters.
Our experimental methodology can be applied to any cluster
system and thus represents a general technique to study
the electronic structure of clusters. For the cases shown
here, the angular distributions of the cluster photoelectrons
are, in general, very similar to those of the corresponding
independent atoms; however, distinct differences in the an-
200 300 400 500 700 1000 2000 3000 5000 7000
































FIG. 3. Color online Xe 4d photoelectron angular distribution
parameter at h=150 eV as a function of cluster size.
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5/2
<N> = 55 surface



























cluster <N> = 70
<N> = 7500 surface
<N> = 7500 bulk
atom (Ref. [24])
atom (Ref. [24])
<N> = 55 surface
<N> = 55 bulk

















FIG. 4. Color online Experimental Xe 5p and 4d cluster photoelectron angular distribution parameter symbols compared to multiple
scattering MS calculations for icosahedral clusters of 55 atoms dashed and dash-dotted lines. The energy axis in the calculation is scaled
to match calculated and experimental atomic  curves dotted and solid lines.
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gular distribution uncover cluster-size-dependent effects and,
together with multiple scattering calculations, expose the
role of elastic photoelectron scattering. While earlier mea-
surements by Öhrwall et al. 10 did not allow a determina-
tion of the angular distribution parameter , a qualitative
agreement between the two experiments is found. Further-
more, our calculations show a small influence of the cluster
structure on the photoelectron angular distribution, but the
link to cluster geometry and electronic structure requires fur-
ther experimental and theoretical elucidation. A deeper un-
derstanding of cluster photoionization in comparison to simi-
lar studies on atoms and solids will shed new light on the
closing gap between gas-phase and condensed matter phys-
ics.
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